EFRACTIVE INDEX measurement is frequently used in a variety of fields, such as chemical industry, food quality and safety analysis, bio-medical applications, environmental imaging systems, petroleum and oil industry and material processing [1] . Being a very critical parameter in all of these areas, there is an increasing interest, in recent years, in determining the exact value of the refractive index of the materials. Several research groups have published different types of fiber-based refractive index sensors which include fiber Bragg gratings (FBG) structures, long period gratings (LPGs) structures, interferometers, photonic crystal fibers (PCF) and sensors using Surface Plasmon Resonance (SPR) effects [2, 3] .
I. INTRODUCTION
EFRACTIVE INDEX measurement is frequently used in a variety of fields, such as chemical industry, food quality and safety analysis, bio-medical applications, environmental imaging systems, petroleum and oil industry and material processing [1] . Being a very critical parameter in all of these areas, there is an increasing interest, in recent years, in determining the exact value of the refractive index of the materials. Several research groups have published different types of fiber-based refractive index sensors which include fiber Bragg gratings (FBG) structures, long period gratings (LPGs) structures, interferometers, photonic crystal fibers (PCF) and sensors using Surface Plasmon Resonance (SPR) effects [2, 3] .
Among these various sensor approaches, Fresnel reflectionbased refractometers have emerged as promising tool for refractive index monitoring due to their simplicity and easy accessibility. In Fresnel-reflection-based refractometers, interrogation can be done in various ways. Table I summarizes the interrogation methods, sensitivities and precisions of different Fresnel-reflection-based fiber optic refractometers reported in the literature.
In the literature, for the methods based on conventional single-wavelength OTDR scheme, the separation of different sensor points is limited by the OTDR's dead zone. Hence, the multi-point measurement capability remains as a critical issue. This problem was addressed by our previous work [4] presenting a limited number of proof-of-concept measurements. Thanks to this approach, where a multiwavelength OTDR is used for measuring the modified optical power of the light reflected from the sensing probes, the spatial resolution of OTDR does not limit the distances between sensors point.
In the present work, we elaborated our previously proposed method taking into account all the practical parameters such as real concentration values of the solutions as well as the effective refractive indices of the sensor tips at the measurement wavelength range. We investigated the refractive indices of common solvents, glycerin-water, and alcoholwater solutions in the infrared wavelength region (used in fiber-optic telecommunications). Moreover, our proposed method was extensively supported by a considerable amount of measurements including long-term repeatability tests. Comparison of the experimental results with that of theoretical calculations presented a good agreement. This shows a great potential of the system in a wide panel of applications requiring the self-calibration and easy implementation features, particularly those in difficult environments.
II. SENSING PRINCIPLE OF FRESNEL REFLECTION-BASED REFRACTIVE INDEX SENSOR
The operation principle of the proposed sensor was based on the measurement of Fresnel-reflection coefficient at the interface between the optical fiber and the sample. In this sensor, conventional single mode fiber tips were used as sensing points and a multi-wavelength OTDR was used as interrogation unit.
At the fiber end (flat cleaved fiber end) where the index of refraction differs, a small portion of the incident light is reflected back into the fiber. Power reflection coefficient R of this Fresnel reflected light can be quantified by the following expression at the interface between fiber end and air: Where n 1 is the effective refractive index of the fiber, and n 2 is the refractive index of the second medium which is air in this case (n 2 = n air =1.0002739) [5] . Power reflection coefficient can be measured by using an optical time domain reflectometer (OTDR) as represented in Fig. 1 . The amount of reflected light can be calculated by the differences in the refractive index of the two fibers joined, or any sample (air or chemical) at the end of the fiber. When the fiber tip is immersed into the liquid sample as shown in Fig. 1 , the RI value of the liquid can be determined by measuring the end reflection peak (R end ):
The effective refractive index of the fundamental mode (n 1 or n eff ) was obtained as n 1 = 1.4473 at 1550 nm, and n 1 = 1.4463 at 1625 nm. In the case of each wavelength (1550 nm, 1625 nm) the very well-known Sellmeier equation given in (4) was implemented for the sensor fiber (4.5% GeO 2 doped silica fiber) [6, 13, 14] . (4) III. EXPERIMENTS The glycerin-pure water solutions having different concentration levels were used to obtain the calibration characteristics of the Fresnel-based refractive index sensor. Reference measurements were realized with a conventional refractometer (model: RE50 digital refractometer). Fig. 2 represents the relation between the concentration values and the corresponding refractive indices of the glycerin-distilled water measured by the RE50 digital refractometer. Refractometer's light source emits at 589.3 nm. The fitting function of Fig. 2 is n = 0.0014904×C+1.3337, having a fitting degree of R 2 = 0.9999. In the experiments, two fiber tips were simultaneously used as sensing points. The optical pulses sent by the interrogation unit (Multi-wavelength OTDR) at two wavelengths (1550 nm and 1625 nm) were separated by a WDM coupler. The fiber tips were standard single mode fibers without the jacket (cut perpendicularly to the fiber axis by using a cleaver).
OTDR parameters set during the measurements are listed in Table II . The experiments were realized in two sections:
• SET-1: The sensor tip at 1550 nm was immersed in glycerin solutions prepared at different concentrations, while a second sensor tip at 1625 nm was kept in pure water.
• SET-2: The sensor tip at 1625 nm was immersed in glycerin solutions prepared at different concentrations, while a second sensor tip at 1550 nm was kept in pure water. In both cases, the reflection coefficients from sensor tips were measured on the OTDR display. As an example, the change of end reflection peak for three different glycerol concentration values (20%, 30%, and 40%) is shown in Fig. 3 .
Once the calibration characteristics had been obtained for both sensor tips, additional experiments were realized to measure the refractive indices of some chemicals such as acetone, isopropyl alcohol, methanol and ethanol. 
IV. ANALYSIS OF EXPERIMENTAL RESULTS
Based on the measured reflection coefficient from the sensor tips, the refractive indices of the prepared solutions were calculated using Eq. (2) and (3). Table III and IV show R end values measured at different wavelengths (at 1550 nm and 1625 nm), together with the calculated refractive indices using these R end and n 1 values.
The absence of highly sensitive test equipment (e.g. electronic micropipette) prevented the preparation of the solution at the pre-determined concentration values. To overcome this limitation, the actual amount of concentration of the prepared chemicals were determined using the RI values measured by RE50 digital refractometer of distilled water, pure glycerin and related chemical (Eq. (5)). These concentration amounts were then used to determine the refractive indices of the solutions at 1550 nm. Conversion of the refractive indices of the chemicals at 589 nm to that of at 1550 nm was realized based on the refractive index values of distilled water and glycerin at 1550 nm given in the literature [15] .
The real concentration values (X real ) of a glycerin-water solution at different wavelengths were obtained as: (5) A numerical example for determining the exact concentration value of 70% glycerin solution for 589.3 nm: n water = 1.33300, n pure_glycerin = 1.47332 and n x = 1.43612 at 589.3 nm. From Eq. (5) X real was found to be X real = 73.489%.
The refractive index value of 73.489% glycerine-water solution at 1550 nm was then calculated to be n x = 1.419799 ≈ 1.4198 using: n water = 1.3164 and n pure_glycerin = 1.4571 (at 1550 nm). In the Table III and IV calculated RIs were given by adding the OTDR's precision (± 0.1 dB). A systematic difference between the measured and the theoretical R end values was observed. This difference can be attributed to the OTDR's optical return loss (ORL) measurement accuracy, which is ± 1 dB.
The RI values obtained by using the proposed method versus reference refractive index values calculated for 1550 nm (for experimental Set-1 at 1550 nm) are represented in Fig. 4 Table III and IV).
The refractive index of the materials depends on the wavelength of the light source used for the measurement, as well as on the temperature.
For most of the liquids, the temperature dependence of the refractive index (∂n/(∂T)) is 10 -4 ℃ -1 [16] . The temperature variation of the laboratory was maximum 1 -2℃ during the whole experiments, therefore the influence of temperature could be ignored for measurements. Fig. 7 shows the experimental results (at λ=1550 nm) and the theoretical curve fitting these experimental points in the same graph.
The experimental results obtained for various chemicals such as ethanol, methanol, acetone and iso-propanol are presented in Table V . The differences between the values were in the second digit after the decimal point. The measurements were repeated three times to determine the measurement precision. The repeated measurements for acetone is listed in Table VI , where the standard deviation (precision) was obtained as 4.7x10 -4 . The measurement of refractive indices of common solvents in the range of telecommunication wavelengths is becoming critical due to the growing interest in fiber optic sensing at telecommunication wavelength range [17] .
The aim of this work is to meet the calibration requirements of RI sensors that operate in the infrared wavelength range.
We provided a straightforward solution to this requirement using a conventional tool (OTDR) as the sensor interrogation unit.
Indeed, the wavelength range implemented in most of the fiber-based sensors and applications is within the classical telecommunication wavelength region as the commercial opto-electronic devices are readily available with reasonable prices. OTDR is one of them. On the current marketplace, one can easily find out a hand-held OTDR emitting at two wavelengths at reasonable prices. This opportunity is largely due to the emerging deployment (and related testing requirements) of optical fibre, particularly in the broadband access networks (e.g. NG-PONs). Hence, the proposed method based on OTDR provides cheap and easy RI measurement capability eliminating all expensive devices (lock-in amplifier, fast pulse modulation of laser source, fast detectors, GHz oscilloscopes...) and custom fibers (photonic crystal, microfiber, plastic optical fibers, SPR) reported in the previous literature.
The refractive index sensor investigated in this study is based on Fresnel reflection which uses SMF fiber tip as sensing point interrogated by an OTDR (operating at two different telecom wavelengths) from a distant location. Experimental work realized on different concentrations of glucose-water and glycerol-water solutions successfully demonstrated the capability of the proposed sensor in measuring RI of liquid chemicals with a precision of 4.7x10 -4 . We provided substantial amount of measurements of refractive indices of common solvents and solutions at both 1550 nm and 1625 nm using a systematical and comparative approach.
Compatibility of the proposed sensor with the classical telecommunication wavelength range test equipment is the key advantage. Processing method used in the experiments (in calculating real concentration values of the solutions and determination of effective refractive index of the sensor tip) would serve as a reference for future investigations in this domain. A wide panel of applications can be envisaged for the proposed sensor system, particularly those in difficult environments, requiring the self-calibration, easy implementation, multi-point, and remote measurement features. From 2014 up to date, she has been a research and development engineer at Ermaksan Optoelectronics R&D Center. Her research interests include fiber optic sensors, optical fiber gratings, structural health monitoring, high power fiber lasers and laser diodes. 
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